A low Reynolds number wind turbine is designed to extract the power from wind energy on 
INTRODUCTION
Wind turbines and solar cells are excellent devices for the production of power by utilizing the available natural resources on Mars. However, both wind energy and sunlight are highly variable source for energy production on the surface of that planet. Power generation with solar panels is dependent on the availability of sunlight, while for wind turbines it depends on favorable wind conditions. From the environmental study on Mars 1 , it can be seen that in some locations Mars is subjected to regular high-velocity winds. Mars has local dust storms of at least a few hundred kilometers in extent every year and, in some years, has great dust storms which can span most of one or both hemispheres. Global dust storms on Mars absorb solar radiation high in the atmosphere and thereby decrease both the surface maximum temperature and increase the upper atmospheric temperature, leading to the high wind speeds on the planet's surface. Herein lies the disadvantage of solar cell application on the Mars surface, during the dust storm sand particles prevents the sunlight from reaching the surface. Considering the above mentioned facts, in the present work a wind turbine has been designed to produce power on Mars utilizing its wind resources.
The wind is an environmental friendly energy source that has been used for a very long time for various applications on Earth such as pumping water, grinding grain, supplying electricity, etc. The Mars atmosphere differs significantly from the Earth's environment.
Therefore for the design of wind turbines on Mars it is necessary to understand the atmosphere of that planet with comparison to the Earth's atmosphere. In summary, the solar constant for Mars is 597 W/m 2 while for Earth it is 1373 W/m 2 (Larsen 2 ). However, for both Mars and Earth there is significant overlap between the temperature bands, on Mars surface the reported temperature variation is: -125 °C to +25 °C, while on Earth the corresponding range is: -80 °C to +50 °C. Furthermore, (1) Mars atmospheric pressure is approximately 1.0% that of Earth, (2) Mars is much colder than Earth, and (3) Mars has no liquid water; nonetheless many of its meteorological features are similar to terrestrial ones. The characteristics of the atmospheres of Mars and Earth are summarized in Table 1 .
From Table 1 it can be seen that the largest difference is in the air pressure and density, a difference that in turn produces similar differences between the kinematic viscosity, heat conductivity and heat capacity of the air on both planets. This results into thinner atmosphere on Mars as compared to the Earth and makes that planet an unlikely candidate for wind energy. However, from Eq. 1 (power extraction from wind) it can be seen that power is a function of velocity cubed and only proportional to density, therefore, high wind velocities on Mars can make-up for low density.
(1)
where P is power (W), ρ is the wind density (kg/m 3 ), A SW is the swept area (m 2 ), C P is the power coefficient and V ∞ is the free stream velocity.
A straight vertical axis wind turbine (SVAWT) is considered for the power generation on Mars due to its various advantages as compared to the horizontal axis wind turbines. The main advantage of VAWT is its single moving part (the rotor) where no yaw mechanisms are required, thus simplifying the design configurations significantly and allows them to operate independent of the wind direction. Blades of straight-bladed VAWT may be of uniform section 3 . For the design of S-VAWT on Mars various aspects covered in the present paper are:
• Assessment of the wind resources on Mars,
• Present a wind turbine design methodology based on CARDAAV appropriate for these conditions (aerodynamics loads and performance);
• Present a preliminary design for low Reynolds number flows (chord length, rotor diameter, rotor height, aerodynamic loads and etc.)
WIND RESOURCES ON MARS
Considering the fact that the Mars atmosphere is thin, an intermediate size wind turbine is designed which can generate power of 500 W on Mars. The range of wind speeds needed to be determined in order to optimize the aerodynamic performance of the wind turbine. It is difficult to make any decisions based on the existing wind speed data measured at the Viking Lander 
DESIGN AND MODELING OF WIND TURBINE (AERODYNAMICS LOADS AND PERFORMANCE)
The CARDAAV code, based on the double-multiple-streamtube model 7 , is used to predict the aerodynamic loads and performance of wind turbines. In multi-streamtube modeling the volume swept by the revolution of the rotor is considered as a series of adjacent WIND ENGINEERING VOLUME 34, NO. The different values of the velocity (see notations in Figure 1 and relations 2-4) depend on the incoming ("free stream") wind velocity and on the interference factors u and u′:
where u′=V′/V e is the second interference factor. To determine the interference factors, a second set of equations is used. The upwind and downwind velocities were obtained by iterating and equating the forces given by the blade element theory and actuator disk theory 7 .
The aerodynamics loads, lift (C l ) and drag (C d ) coefficients obtained from airfoil data are used to predict the normal and tangential forces using blade element theory. Then the torque and the mechanical power are computed.
The CARDAAV code requires three main sets of input parameters to design the wind turbine: geometrical parameters (diameter, height, blade section airfoil, blade shape etc.), operational conditions (wind velocity, rotational speed, atmospheric conditions) and control parameters (convergence criterion, computation of the secondary effects and the effect of dynamic stall). Further the CARDAAV code has the following capabilities:
• It can analyze several predefined or user-defined rotor shapes with straight or curved blades (parabola, catenary, ideal and modified troposkien, and Sandia shape).
• It has several dynamic stall semi-empirical models: its variations (Strickland, was found to be the best correlated with the experimental studies reported on similar rotor configurations.
• It is also able to account for the secondary effects (rotating central tower, struts, and spoilers).
• Wind speed can vary with height above ground according to a power law.
The program output consists of the local induced velocities, the local Reynolds numbers and angle of attack, the blade loads, and the azimuthal torque and power coefficient data.
Each of these is parameters calculated separately for the upwind and downwind halves of the rotor. The numerical models used by the program have been validated for different Darrieustype VAWTs, through comparison with experimental data obtained from laboratory tests (wind or water tunnels) or from field tests, thus making CARDAAV a very attractive and efficient design and analysis tool. Recently, Saeed et al. 8 have shown the application of CARDAAV code in combination with XFOIL code for the design of airfoils.
The CARDAAV code uses the values of aerodynamic lift and drag forces to calculate the torque and normal forces which in turn are used to calculate overall turbine performance.
Considering the wind speed and atmospheric characteristics (Table 1) A new data set of the aerodynamic coefficient for the blade used is required for low Reynolds numbers. The newly predicted values of C L and C D will be used in CARDAAV to predict the aerodynamics loads of wind turbine on Mars. In the next section the approach to predict the airfoil characteristics for low Reynolds numbers is discussed.
Transition modeling
Laminar to turbulent transition modeling is one of the key factors affecting CFD-based lift and drag predictions using Reynolds Averaged Navier-Stokes (RANS) equations. Failing to accurately predict the transition behavior in the boundary layer has an adverse effect on the computed lift and drag, as well as on the other flow properties. This is due to the large discrepancy in shear stress between the laminar and the turbulent regions and flow separation (which is usually followed by transition in the free shear layer and reattachment).
The flow behavior in these two zones differs significantly and thus all the flow variables. Add to this the fact that the transition zone might, in some cases, extend over a significant part of the airfoil surface. Thus in cases where the laminar and the transition zones occupy a relatively large portion of the airfoil surface, neglecting the effects of these two zones by assuming fully turbulent flow over the entire airfoil will definitely result in numerically computed flow properties that diverge from the actual ones. This will lead to an inaccurate evaluation of the viscous properties in the boundary layer as well as capturing the existence of a separation bubble, and consequently an inaccurate lift and drag prediction.
In the present work the model and methodology developed by Basha and Ghaly 9 have WIND ENGINEERING VOLUME 34, NO. 4, 2010been used to predict the lift and drag coefficients at low Reynolds numbers (1000-160000).
The transition region in a fully turbulent boundary layer is developed and implemented into the flow solver, Fluent, using intermittency function Γ, which is introduced using the userdefined function (UDF) feature that is available in Fluent. The modified effective viscosity is equal to:
Thus for Γ equal to zero, the boundary layer is fully laminar and Γ equal to one the boundary layer is fully turbulent. For any value in between 0 and 1, the flow is in the transition region. The UDF gives access to different variables in the flow solver and thus allows for modifying them. For the prediction of intermittency function the equations proposed by Cebeci and Smith 1° and Cebeci 11 are used. The turbulent viscosity µ t , computed using the fully turbulent Spalart-Allmaras turbulence model, is multiplied by Γ to reflect the introduction of the laminar and the transition zones into the fully turbulent boundary layer. Thus the modified effective viscosity µ eff is computed using equation (5) . Then the procedure is implemented into the flow solver Fluent, where the Spalart-Allmaras (SA) model is used as the turbulence model. Further details for the model equations and methodology for transition predictions can be seen from Basha and Ghaly 9 .
Accuracy assessment
To assess the accuracy of the solver (FLUENT) and to verify the effectiveness of the 
WIND TURBINE FOR MARS
The turbine design presented here is a Darrieus straight bladed vertical axis wind turbine (S-VAWT). The different parameters considered for the wind turbine design on Mars to maximize power output (P) and aerodynamic efficiency (C P ) are:
• Blade profile type The choice of two blades is mainly motivated by minimizing weight and reduction in complexity. Initially three TSR values were chosen as it is the range of earlier VAWT designs.
The three values for TSR (3, 3.5 and 4) are chosen based on the operating range of vertical axis wind turbines reported in the literature [16] [17] [18] . The optimization process was limited to the symmetric NACA 0018 due to boundary layer uncertainties and the peak power obtained for a lower tip speed ratio for the same power coefficient 17 . The dynamic stall behavior of the NACA 0018 has been considered for low Reynolds number range. The NACA 0018 section has been extensively used both in previous Darrieus and H-rotor projects 19 . Its use is well documented in terms of vertical axis wind turbine motion 20 , and it offers a good compromise in terms of thickness and dynamic behavior. Table 2 summarizes the parameters of the reference design.
The wind turbine for Mars has been designed by optimizing the power output for the wind distribution on Mars (maximize but with constraint that it should be on average more than 500 W and tip speed ratio nearly equal to 4), minimize the swept area (A SW ) and maximize the aerodynamic efficiency, C P (Eq. 1). When choosing the turbine with best performance, not only power at the optimal TSR concludes but also power coefficients (C P ) value on which the performance is best. When the best performing reference design (number of blades, blade profiles, TSR and reference velocity) is chosen it was optimized (with respect to the swept area and chord length) to more exactly meet the mean power output demand. The last step is to redo the design process in a simplified way to ensure that the optimization process did not deteriorate the aerodynamic performance.
Optimization of aspect ratio (b)
The design of wind turbine has been carried out by varying ratio of rotor radius to the rotor height from 1.0-2.0 and solidity (σ = Nc/R) from 0.2-0.3. The aerodynamic performance of a wind turbine is strongly affected by its tip-speed ratio. Tip speed ratio (λ = Rω/V ∞ ), is defined WIND ENGINEERING VOLUME 34, NO. 4, 2010 471 The analysis here in is assuming incompressible flow but this effect should be included in future work.
Optimizing the solidity
To optimize the solidity, the chord length is varied for NACA 0018 airfoil while other parameters in the reference design are kept constant. The analysis of Wahl 16 and results of
Templin 21 suggest that a wider operating range in means of TSR is generated by lower solidity . Generally, higher solidity results into maximum aerodynamic efficiency at low TSR values and makes the structure tolerate high stresses. Based on simulations performed by Templin 21 ,
Bouquerel 22 and in the present work ( Figure 8 ) a first guess for optimum solidity is 0.3 to achieve an optimum C P at TSR = 3. 
THE PROPOSED 500 W DESIGN
The above optimized reference design resulted in a mean power output of 500 W after the optimization of C P (every C P point along the C P vs. TSR curve, Figure 10 ). The mean power output is calculated using CARDAAV model by incorporating the real wind speed frequency distribution and the control strategy described above. Table 3 those due to the rotating central tower, struts, and spoilers were not considered.
The objective of the present work is to develop a methodology to design a wind turbine for low Reynolds number as well as its application on Mars. For this first design of wind turbine on Mars a NACA 0018 airfoil is considered due to Mars harsh conditions (sand storm for several months and below absolute zero temperature) as it is structurally stronger and also tend to increase starting torque.
This work identified new important research directions. First, the design of a specific airfoil for very low Reynolds number but for Mach number as high as 0.5 with the main objective to increase the power coefficient of the turbine. To start the NACA 0009 airfoil which shows higher lift coefficient for low Reynolds number 23 will be investigated next. Second, design a turbine to maximize power to weight ratio. This optimization problem could be solved using CARDAAV together with an optimization code.
